The antimicrobial resistance profiles of Campylobacter isolates recovered from a range of retail food samples (n=374) and humans (n=314) to eight antimicrobial compounds were investigated. High levels of resistance in food C. jejuni isolates were observed for ceftiofur (58 %), ampicillin (25 %) and nalidixic acid (17 %) with lower levels observed for streptomycin (7 . 9 %) and chloramphenicol (8 . 3 %). A total of 80 % of human C. jejuni isolates were resistant to ceftiofur, while 17% showed resistance to ampicillin and nalidixic acid, 8 . 6 % to streptomycin and 4 . 1% to chloramphenicol. Resistance to clinically relevant antimicrobials such as erythromycin, ciprofloxacin and tetracycline was 6 . 7, 12, and 15% respectively for all food isolates and was similar to corresponding resistance prevalences observed for human isolates, where 6 . 4, 12 and 13 % respectively were found to be resistant. Comparisons of C. jejuni isolates in each location showed a high degree of similarity although some regional variations did exist. Comparison of total C. jejuni and C. coli populations showed minor differences, with C. jejuni isolates more resistant to ampicillin and ceftiofur. Multidrug resistance patterns showed some profiles common to human and clinical isolates.
INTRODUCTION
Campylobacter infection has been well documented as being one of the most common causes of human gastroenteritis worldwide [1, 2] . Symptoms can vary from mild self-limiting enterocolitis lasting 24 h to more severe illness including diarrhoea, abdominal cramps and vomiting which can last up to 10 days. A small percentage of cases require medical intervention with erythromycin most commonly prescribed, however, in those immunosuppressed or with chronic intestinal disorders, Campylobacter infection can have more serious consequences and more longterm antibiotic therapy may be necessary [3, 4] . Sequelae although rare in healthy individuals, can include Guillain-Barre´syndrome and Reiter syndrome [5, 6] .
In the United States, an estimated 1 . 9-2 . 4 million cases of human campylobacteriosis occur each year [5, 7] . The incidence on the island of Ireland was reported at a crude incidence rate (CIR) of 39 . 9/100 000 in 2003 [8] in the Republic of Ireland and a CIR of 43 . 6/100 000 population in Northern Ireland [9] . The reported annual incidence rate of human Campylobacter infections in countries within the European Union in 1997 varied between 9 . 5 and 108 cases/100 000 [10] .
Food animals especially poultry are universally recognized as the principal reservoirs for campylobacters, as the organism asymptomatically colonizes their gastrointestinal tracts. Foods of animal origin can subsequently become contaminated with these pathogens during the slaughter and processing stages [11] . Live poultry in particular have been identified as major reservoirs of Campylobacter jejuni [12] . Significant rates of intestinal carriage have also been reported in other food animal species including cattle (79 %), pigs (100 %) and sheep (92 %) [13] [14] [15] .
The use of antimicrobial agents in animals and humans has resulted in the emergence and dissemination of resistant bacteria [16] . The emergence of resistance to fluoroquinolones and macrolides which are important in human medicine, and particularly, the emergence of multi-antibiotic resistance in campylobacters has caused concern worldwide [17] . The acceleration in the prevalence of multidrug resistant bacteria in food animals, food of animal origin and humans has overtaken new drug development and gives the prospect of untreatable infections [18] [19] [20] . Surveillance of resistance trends in defined bacterial populations provides valuable data on the links between antimicrobial use and emerging antimicrobial public health problems. To this end our study aims to examine the resistance patterns of Campylobacter isolates of food origin obtained at retail level and human isolates obtained from clinical cases over a defined time period in three major population centres on the island of Ireland.
MATERIALS AND METHODS

Food isolate collection
Retail food samples were collected on a monthly basis over a 20-month period between March 2001 and October 2002. The samples were purchased from a range of supermarkets and butchers shops in three population centres, namely, Dublin, Galway and Belfast. Typically, 20-30 samples from each city were purchased every month and forwarded to the Veterinary Public Health and Food Safety Laboratory, School of Agriculture, Food Science and Veterinary Medicine, UCD. Isolates were recovered from a range of food types analysed during this period including chicken, duck, turkey, lamb, pork, beef, seafood (oysters), mushrooms, and chicken liver pate´. All samples were transported to the Dublin laboratory on ice, and processed in the laboratory within 24 h of purchase.
Sample preparation
For all solid foods, including meat and poultry, 10 g from each sample was aseptically removed using sterile scissors and forceps. Samples were placed in 90-ml volumes of Preston broth (Mast Diagnostics, Bootle, Merseyside, UK and Oxoid, Basingstoke, Hampshire, UK) in sterile plastic bags and processed for 1 min in a stomacher (Lab Blender 400, Seward Medical, Thetford, Norfolk, UK). Both the stomached samples and broths were then placed in sterile plastic disposable 100-ml universal containers and additional broth added as required in order to minimize head space between the liquid and the container lids. Liquid food samples, including raw milk and yoghurts were selectively enriched by adding 50-ml volumes of sample to sterile sample bottles containing an equal volume of double-strength Preston broth.
Microbiological analysis and identification
Preston broths were prepared in accordance with the formulation developed by Bolton et al. [21] and included growth and antimicrobial selective supplements, as well as 5 % (v/v) lysed horse blood. Following initial processing in a stomacher, all samples were selectively enriched in the Preston broths for 48 h at 42¡1 xC. All enriched samples were subsequently subcultured on to selective solid media, modified charcoal cefoperazone deoxycholate agar (mCCDA ; Mast Diagnostics, and Oxoid). The mCCDA plates were incubated for 48 h at 42¡1 xC under a microaerophilic atmosphere, which was achieved using gas jars and catalyst-free gas packs (bioMe´rieux, Marcy l'Etoile, France). Suspect colonies on solid media were subcultured on to Columbia blood agar containing 5 % (v/v) horse blood, which were again incubated for 48 h at 42¡1 xC in a microaerophilic atmosphere. Colonies were examined morphologically and Gram stained as presumptive identification of positives. Final confirmation and speciation was carried out using the CampID biochemical profiling system (Mast Diagnostics) or a multiplex PCR assay as previously described [22] .
Clinical isolate collection
Human clinical Campylobacter isolates were either collected or delivered from the collaborating Public Health Laboratories in Dublin, Belfast and Galway to the Veterinary Public Health and Food Safety Laboratory in UCD during this period. Isolates were transported to the laboratory on Amies medium transportation swabs (Copan Innovation, Brescia, Italy) or on Protect beads (TSC, Heywood, Lancashire, UK). They were subcultured onto Columbia blood agar containing 5% (v/v) horse blood, and incubated for 48 h at 42¡1 xC in a microaerophilic atmosphere. Isolates were identified using gross colony morphology and subsequently speciated using biochemical profiling.
Phenotypic antimicrobial resistance profiling
The disc diffusion method as recommended in the National Committee for Clinical Laboratory Standards (NCCLS) guidelines [23] was chosen to investigate the antimicrobial resistance patterns of 314 human and 374 food isolates. The disc diffusion method was a reliable and inexpensive method for monitoring the prevalence of the large number of Campylobacter strains used in this study, as it compares well to other resistance methods : E-testing, Microdilution broth method or Agar dilution methods [24] [25] [26] . Sensitivity determinations by disc diffusion were made in accordance with the guidelines recommended by NCCLS with the commonly used standards E. coli ATCC 25922, S. aureus ATCC 29213 and Pseudomonas aeruginosa 2783 included.
Campylobacter food and clinical isolates were grown on Columbia agar (Oxoid) containing 5 % (v/v) lysed horse blood incubated microaerophilically at 42 xC for 48 h. Cultures were prepared from a fresh (nonfrozen), pure 48 h culture diluted with sterile distilled water, to give an inoculum with an equivalent cell density to a 0 . 5 McFarland turbidity standard, and then swabbed evenly onto agar plates and allowed to dry. The following discs (concentrations in parentheses) were then applied to each agar plate : ampicillin (10 mg), ciprofloxacin (5 mg), chloramphenicol (10 mg), erythromycin (10 mg), streptomycin (25 mg), tetracycline (30 mg), and for some isolates (n=426) ceftiofur (30 mg) (Oxoid). The breakpoints were measured by calipers and were interpreted according to those recommended by NCCLS [23] .
Statistical analysis
The prevalence of antimicrobial resistance in Campylobacter isolates was compared statistically by geographical location using x 2 analysis. Statistical significance was defined at the Pf0 . 05 level. All statistical analysis was carried out using STATVIEW version 5.0.1 (SAS Institute, Cary, NC, USA).
RESULTS
Campylobacter speciation
A total of 314 clinical isolates were collected from the collaborating Public Health Laboratories during the period 2001-2002. Campylobacter jejuni accounted for 92 . 3% (n=290) of isolates with Campylobacter coli accounting for the remaining 7 . 6% (n=24) of clinical isolates. From available clinical data of the Belfast isolates, approximately 63 % were acquired from patients presenting to their general practitioner in the community, with the remainder (37 %) being recovered from hospital in-patients, approximately 59 %, of patients were female and 41 % were male. The reported rate of hospitalization for Dublin patients, where information was available, was 57 . 3%, while 56 . 4% of patients were female and 43 . 6% were male.
Of the 374 food isolates assayed 67 . 7% (n=253) were C. jejuni, and 32 . 3% (n=121) were C. coli.
Phenotypic antimicrobial resistance profiles of clinical isolates
The prevelance of antimicrobial resistance among human clinical Campylobacter isolates collected during 2001-2003 in Dublin, Belfast and Galway are presented in Table 1 . High levels of resistance were observed among isolates to several of the antimicrobials tested. A total of 17 % of C. jejuni isolates were resistant to ampicillin, 13 % to ciprofloxacin, 17 % to nalidixic acid, 10 % to tetracycline and 80 % were resistant to ceftiofur. Lower frequencies of resistance were recorded amongst these isolates to erythromycin (6 . 2 %), streptomycin (8 . 6 %) and chloramphenicol (4 . 1%). C. coli isolates showed high resistance to ceftiofur (82 %), ampicillin (17 %), tetracycline (12 . 5 %) and nalidixic acid (12 . 5 %). The C. coli isolates showed a lower resistance to both ciprofloxacin (8 . 3%) and to chloramphenicol (4 . 2%).
Phenotypic antimicrobial resistance profiles of food isolates
The prevalence of antimicrobial resistance of Campylobacter isolates recovered from foods sampled in 2001 and 2002 is summarized in Table 2 . In total, 374 isolates of food origin were subjected to antimicrobial resistance screening using a range of antimicrobials, including clinically relevant chemotherapeutics. In general, a large number of isolates were resistant to a range of the antimicrobials tested. For example a total of 58 % of C. jejuni isolates tested were resistant to ceftiofur and high levels of resistance were also observed for ampicillin (25 %), ciprofloxacin (17 %), nalidixic acid (17 %) and tetracycline (12 %). Lower prevalences of resistant isolates were observed when screened using erythromycin (6 . 7%), streptomycin (7 . 9 %) and chloramphenicol (8 . 3%). In C. coli isolates a similar pattern of resistance was observed with ceftiofur (71 %), ampicillin (27 %), tetracycline (11 %) and streptomycin (11 %) giving the highest prevalences. Lower levels of resistance were found for ciprofloxacin (9 %), nalidixic acid (8 . 3%), chloramphenicol (7 . 4%) and erythromycin (6 . 6%). The resistance profiles of C. jejuni and C. coli isolates from poultry and other foods are presented in Table 3 . Most campylobacters of food origin isolated in the current study were obtained from raw poultry (chicken, turkey and duck) with other isolates obtained from beef, lamb and pork. A small number of isolates were also obtained from mushrooms (n=3), oysters (n=1) and chicken liver pate´(n=1). Frequent resistance to the range of antimicrobials tested was observed among these isolates from non-poultry sources.
Multidrug resistance
A considerable number of isolates were found to be resistant to more than one antimicrobial. For clinical isolates the percentage of C. jejuni isolates (n=290) resistant to 2, 3, 4, 5, 6, 7 and all 8 of the antimicrobioals tested was 11, 8, 4, 1, 0 . 34 and 0 . 34 % respectively. Thus 24 . 7 % were resistant to two or more antimicrobials. For C. coli isolates (n=24) Table 4 . When multidrug resistance to the therapeutically relevant antimicrobials erythromycin, ciprofloxacin and tetracycline were examined, we found 4 . 0% of food isolates and 2 . 2 % of human isolates resistant to all three of these antibiotics and an additional 3 . 5 and 3 . 7 % resistant to two of three antimicrobials. We found 4 . 0% of food isolates and 3 . 5 % of clinical isolates were resistant to both erythromycin and ciprofloxacin.
Geographical variation
Although resistance patterns of clinical and food isolates were similar some variations were observed when geographical locations were compared. When the total food C. jejuni (n=253) and C. coli populations (n=121) were compared it was found that C. jejuni isolates displayed significantly higher resistance to ciprofloxacin (17 %, 9%) and nalidixic acid (17 %, 8 . 3%) (Pf0 . 05).
When C. jejuni food and clinical isolates were compared for each location there were no significant differences among Galway isolates. Dublin food and clinical C. jejuni isolates displayed significantly different susceptibilies to ceftiofur with 54 and 78% of isolates respectively found to be resistant (Pf0 . 05). Equivalent isolates from Belfast showed significantly different resistance prevalences for ampicillin and ceftiofur (Pf0 . 05) ( Tables 1 and 2 ).
DISCUSSION
Overall similar resistance prevalences were observed to the range of antimicrobials used in the present study for both the 374 food and 314 human isolates, which suggests that emerging trends in Campylobacter resistance in foodstuffs is reflected in human isolates and is therefore of importance to human health. High prevalences of resistance in the isolates we studied were found for ceftiofur, ampicillin, tetracycline, nalidixic acid and ciprofloxacin among both groups of isolates. Lower levels of resistance were observed for erythromycin, streptomycin and chloramphenicol. This is similar to the trends found by Wilson [27] . Global surveillance of resistance among campylobacters of food origin using disc diffusion have shown widely varying profiles with ranges of 0-45 % for erythromycin, 1-76 % for tetracycline and 2-75% for ciprofloxacin reported [2, [28] [29] [30] . A similar variation occurs for human isolates with erythromycin resistance in the range of 0-24%, tetracycline 1-63% and ciprofloxacin 6-76 %. [2, 25, 28, 31] . The observed variability in resistance reported in these studies is possibly due to differences in sample origin, laboratory methods applied and different antibiotic use patterns in human and veterinary medicine in the countries surveyed.
In the most recent studies on the island of Ireland, the reported resistance prevalences (by disc diffusion) of clinically relevant therapeutics in campylobacters of food origin have varied, ranging from 0 to 11 % for erythromycin, 11 to 24 % for tetracycline and 2 . 7 to 
Clinically important antimicrobials indicated in bold type. Cip, ciprofloxacin ; Nal, nalidixic acid ; Amp, Ampicillin ; Tet, tetracycline ; Str, streptomycin ; Chl, chloramphenicol ; Ery, erythromycin ; Eft, ceftiofur.
9 % for ciprofloxacin [27, [32] [33] [34] [35] [36] while in our study we found 6 . 7, 12, and 15 % respectively for all of the food camplyobacters studied. In contrast to the previously reported studies, our samples were obtained at retail level which possibly provides a more realistic assessment of the actual risk closer to the point of consumption compared to samples taken earlier in the food chain. Samples were surveyed from three different densely populated regions of the island of Ireland. Although a high degree of similarity was evident some variations in the prevalence of resistance of campylobacters were observed within these populations when geographical locations were compared. For example, in food C. jejuni populations significantly higher resistance to ampicillin was observed in isolates originating from Belfast (35 %) than in either Dublin (21 %) or Galway (21 %). For C. coli populations resistance to nalidixic acid was significantly higher in isolates obtained in Belfast (26 %) than those from either Dublin (4 . 8%) or Galway (2 . 8%) (Pf0 . 05). Resistance among Campylobacter isolates of human origin on the island of Ireland to clinically relevant antibiotics have been reported at rates ranging from 2 to 4 . 2% for erythromycin, 4 to 31 % for tetracycline and 7 to 34 % for ciprofloxacin [27, 32, 33, 35] this compares to 6 . 4%, 12 % and 13% for the total clinical Campylobacter population we studied. While the resistance prevalence of isolates from the current study was greater for erythromycin and lower than most of the previously published data for ciprofloxacin and tetracycline this may be the result of the wider geographical and temporal spread of human isolates collected during the current investigation. Within our C. jejuni human isolate population, tetracycline resistance was significantly higher for Dublin (15 %) and Galway (20 %) strains than in corresponding clinical isolates originating from Belfast (5 %) (Pf0 . 05) perhaps reflecting differences in regional antimicrobial prescribing patterns.
When we compared the resistance of C. jejuni food and clinical isolates in each location there was a high degree of similarity although some regional variations did exist. Dublin C. jejuni isolates differed in resistance to ceftiofur with clinical isolates (78 %) showing significantly greater resistance than food isolates (54 %). Belfast food C. jejuni isolates were significantly higher than corresponding clinical isolates for ampicillin with prevalences of 35 and 15 % observed respectively (Pf0 . 05). Clinical isolates (86 %) were found to be more resistant to ceftiofur than corresponding food isolates (67 %) (Pf0 . 05). Overall our results show that the prevalence of resistance in food and clinical isolates to the antimicrobials tested were similar which suggests that surveillance of antimicrobial resistance in food populations would provide an accurate indication of resistance in corresponding human clinical campylobacters. This approach may be useful as a broad subtyping method when used in conjunction with a suitable molecular typing technique.
This hypothesis was supported by examination of the multi-resistant profiles of C. jejuni food and human isolates. A number of common multi-resistant profiles were observed between food and clinical C. jejuni populations. For example both groups contained isolates resistant to Cip Nal ; Amp Tet and Amp Cip Nal Tet combinations (Table 4) . A number of food and clinical isolates also showed resistance to seven and eight of the antimicrobials tested including combinations containing the clinically relevant antimicrobials (Cip, Ery, Tet). We found 4 . 0 % of food isolates and 2 . 2% of human isolates resistant to all three of these antimicrobioals and 4 . 0% of food isolates and 3 . 5 % of clinical isolates resistant to both erythromycin and ciprofloxacin. This is an important observation as although most clinical cases of campylobacteriosis are self-limiting, antimicrobial therapy may be needed to treat more severe or recurrent infections. In these instances erythromycin is frequently the preferred antimicrobial, with fluoroquinolones and tetracyclines also used to a lesser extent. Concern regarding the loss of therapeutic effectiveness has been expressed in recent studies that have shown that the mean duration of illness can be longer in patients infected with quinolone resistant campylobacters, than in those infected with quinolone-susceptible strains [37, 38] , which may be indicative of increased virulence in these resistant strains [20] .
A wide variation in resistance profiles was observed for food isolates originating from different food animals. Overall, Campylobacter isolates from both poultry and pork samples demonstrated a higher and broader spectrum of resistance to the antimicrobials tested in this study than those from beef or lamb. This could be a result of differences in production systems and husbandry practices applied to produce these food animals [39] . The intensive high throughput systems used to produce both pigs and poultry may result in a greater need to mass medicate animals to treat infectious diseases thereby exerting increased selective pressures on enteric pathogens, including Campylobacter [40] . Moreover, the high stocking densities associated with these production systems may facilitate the dissemination of these resistant organisms within and between flocks/herds, a view which is supported by Turnidge [41] .
On the island of Ireland beef and lamb production is primarily extensive and grass based. Animals are treated with antimicrobials on an individual basis as required. Intensive production systems are primarily used to rear pigs and poultry and mass medication is more likey to be used. Use of antimicrobials follows strict national and EU legislation and antimicrobials are used solely for therapeutic purposes with the exception of a small number of approved coccidostats used prophylatically in the poultry industry. No current data is available for antimicrobials' usage patterns in food animals or indeed in human medicine on the island of Ireland. The European Federation of Animal Health reported in 1998 that approximately 50 % of all antibacterial agents used annually in the EU are given to animals [42] . However, Ungemach reported that antimicrobial administration to animals in Ireland was below the average usage for Europe [43] . Extensive antimicrobial residue monitoring is officially performed by the national regulatory agencies and non-compliance is extremely low (<1%) in Irish food animals [44] yet our study demonstrates the relatively high prevalence of resistance in campylobacters of food origin.
The World Health Organisation in their Global Strategy for Containment of Antimicrobial Resistance [18] advocates the strengthening of health and surveillance systems among other measures to evaluate and reduce risks. Such surveillance has led to restrictions in the use of certain antimicrobials agents in veterinary medicine including the banning of growth promoters like avoparcin by the EU and the recent ban on the use of enrofloxacin in poultry in the United States. The success of such control interventions has been demonstrated by significant reduction in the prevalence of vancomycin-resistant entercocci since the banning of avoparcin was enforced [20, 40] .
The current study helps expand the baseline knowledge of resistance in local Campylobacter populations on the island of Ireland and to monitor the emerging resistance trends in isolates from foods and how they may be linked to human Campylobacter resistance patterns, particularly in relation to the clinically relevant antimicrobials and to emerging multidrug resistance. We conclude that ongoing surveillance of defined Campylobacter populations on the island of Ireland of human and food origin should be undertaken to monitor the progress of antibiotic resistance and to quantify the critical inhibitory levels in multidrug-resistant isolates in the interest of public health protection.
